Variation in susceptibility is ubiquitous in multi-host, multi-parasite assemblages, and can have 2 profound implications for ecology and evolution. The extent to which susceptibility is 3 phylogenetically conserved among hosts is poorly understood and has rarely been appropriately 4 tested. We screened for haemosporidian parasites in 3983 birds representing 40 families and 523 5 species, spanning ~4500 meters elevation in the tropical Andes. To quantify the influence of host 6 phylogeny on infection status, we applied Bayesian phylogenetic multilevel models that included 7 a suite of environmental, spatial, temporal, life history, and ecological predictors. We found 8 evidence of deeply-conserved susceptibility across the avian tree; host phylogeny explained 9 substantial variation in infection rate, and results were robust to phylogenetic uncertainty. Our 1 0 study suggests that susceptibility is governed, in part, by conserved, latent aspects of anti-1 1 parasite defense. This demonstrates the importance of deep phylogeny for understanding the 1 2 outcomes of present-day ecological interactions. 1 3 1 4
PHYLO-CONSERVATISM OF ECOLOGICAL INTERACTIONS
For each bird, we determined infection status for all haemosporidian genera combined 1 4 0 (overall infection), and for each genus separately (Haemoproteus, Plasmodium, and 1 4 1 Leucocytozoon). We extracted DNA from tissue or blood using QIAGEN kits, and used nested We built phylogenetic generalized linear multilevel models using two different Bayesian 1 7 5 statistics packages in R: MCMCglmm (Hadfield 2010) and brms (Bürkner 2017). The packages 1 7 6 differ in the core Bayesian algorithms they use as well as support for different model types into multilevel models. We ran models using both packages and compared the outputs. MCMCglmm uses Markov chain Monte Carlo sampling to fit its models, whereas brms creates (foraging stratum, sociality, nest type, nest height, uniparental care, cooperative breeding, 1 9 0 plumage dimorphism, lekking, and colonial nesting/roosting). For each response, we compared ten models: 1) an intercept-only null model, 2) an 1 9 2 intercept-only model with both species and phylogenetic random effects, 3) a model with all 1 9 3 predictors and no random effects, 4) a model with all predictors and only a species random with only a phylogenetic random effect, and 10) a reduced model with both phylogenetic and 1 9 8 species random effects. The reduced models included only the predictors found to be important, 1 9 9
i.e., 95% credible intervals (CI) non-overlapping with zero, in the full models. The predictors 2 0 0 retained in the reduced models differed for each response, as reported in Results. In MCMCglmm, we used the MCMCglmm() function with a "categorical" family and ran 2 0 2 the model across four chains for 200,000 iterations with a burnin period of 100,000, thinned 2 0 3 every 100 steps. We used default priors for the fixed effects, with priors of V = 1, nu = 0.02 for 2 0 4 both residual and random effect variances. In brms, we ran models using the brm() function with 2 0 5 the "Bernoulli" family and default priors. We ran four chains for 20,000 iterations with a burnin 2 0 6 period of 10,000, thinned every 10 steps, for a total of 4,000 samples. For both packages, we 2 0 7 visually checked for convergence using traceplots and confirmed that Rhat values were less than 2 0 8 1.01. In brms, we compared models using the widely applicable information criterion (WAIC, 2 0 9
Watanabe 2010) values as well as approximate leave-one-out cross-validation information 2 1 0 criterion based on the posterior likelihoods (LOOIC, Vehtari et al. 2017) . We estimated fixed 2 1 1 effects (means and 95% CI) from the posterior distributions for each predictor. Phylogenetic signal, or lambda (λ), was estimated from the models as the phylogenetic 2 1 5 heritability described by Lynch (1991) . Similar to heritability in quantitative genetics, 2 1 6 phylogenetic signal can be estimated as the proportion of the total variance attributed to the 2 1 7 phylogenetic variance. We estimated phylogenetic signal using the full and reduced models for infection overall and for each haemosporidian genus. We also estimated the proportion of the 2 1 9 total variance attributed to host species, which accounts for unique aspects of the susceptibility of species that are not captured by the modeled species traits, or individual or environmental 2 2 1 characteristics. In MCMCglmm, the mean and 95% highest posterior density (HPD) of λ were 2 2 2 calculated for each MCMC chain by dividing the phylogenetic variance-covariance (VCV) Nakagawa 2010). In brms, phylogenetic signal was computed following the vignette and project.org/web/packages/brms/vignettes/brms_phylogenetics.html), using the 'hypothesis' 2 2 7 method and substituting π 2 /3 for the residual variance. To assess the effect of phylogenetic uncertainty on our models and phylogenetic signal 2 2 9 estimates, we ran the full brms models with 100 trees that were randomly selected from the set of 2 3 0 most likely trees. For each tree, we estimated the inverse phylogenetic covariance matrix and ran 2 3 1 the full brms model with four chains for 20,000 iterations each, including 10,000 burnin samples, 2 3 2 thinning every 10 samples for a total of 4,000 samples. We calculated mean λ as above from the One additional explanation for variation in susceptibility is variation in parasite diversity; hosts that can harbor more parasite species have been shown to have higher prevalence (Arriero 2 3 9 & Møller 2008). We tested this additional predictor of infection using the same brms model 2 4 0 structure described above. To generate an estimate of parasite diversity independent of sampling 2 4 1 and infection rate, we first pruned the host dataset to include only infected host species with at 2 4 2 least five sequenced infections. We used the rarefy() function in the vegan 2.5-2 R package to produce a rarefied haplotype diversity index for each host species. This predictor was 2 4 4 standardized as the other continuous variables described above, and included in the brms model We detected 1,554 infected birds (39.0%), including 829 birds infected with Haemoproteus (20.8%), 355 with Plasmodium (8.9%), and 494 with Leucocytozoon (12.4%).
5 1
Haemosporidian infection rate varied across the avian phylogeny ( Fig. 1b, Fig. 2 ). Avian Thraupidae). In general, we found higher rates of infection in oscines compared to suboscines, 2 5 5 and in certain hummingbird clades (brilliants and coquettes) compared to others (emeralds and 2 5 6 hermits) ( Fig. 2; Fig. S1 ). Models that included phylogenetic and species random effects fit substantially better than 2 6 0 models with no random effects (Table 1 ). The reduced-predictor models with both species and 2 6 1 phylogenetic random effects had the lowest WAIC and LOOIC scores for overall infection, Haemoproteus, and Leucocytozoon. For Plasmodium, the reduced-predictor model with only a 2 6 3 phylogenetic random effect had the lowest scores. We sought to quantify the proportions of 2 6 4 variation attributed to phylogeny and species, respectively, thus we report the results from the 2 6 5 reduced-predictor models including both random effects for all responses. Several predictors (foraging stratum, uniparental care, cooperative breeding, plumage 2 6 7 dimorphism, lekking, and sociality) were unimportant for any of the responses (i.e., the 95% CI 2 6 8 overlapped with 0) and were removed to construct the reduced models. Parameter estimates from 2 6 9
MCMCglmm and brms were highly consistent ( Fig. 3, Fig. S2-S5 ). Aspects of climate, elevation, and latitude were important for overall infection and for 2 7 1 each haemosporidian genus. Overall infection probability increased with increasing temperature, 2 7 2 aridity, elevation, and sampling month ( Fig. 3a ). Host species that were less abundant (fairly 2 7 3 common or uncommon) tended to be less infected than common species. Different species-level 2 7 4 predictors were considered important for susceptibility to each haemosporidian genus ( Fig. 3 ).
7 5
Haemoproteus infection increased slightly with latitude and sampling month and was 2 7 6 lower for uncommon host species compared to common species (Fig. 3b) . Species with open 2 7 7 nests tended to have higher Haemoproteus infection compared to species with closed nests. Leucocytozoon infection increased with increasing temperature and elevation ( Fig. 3d ).
8 3
Leucocytozoon infection was lower for males than females, higher for species with low nests (<3 2 8 4 m) than those with ground nests, and lower for colonial species than non-colonial species. Variation in susceptibility among host species is a common feature of multi-host, multi- has rarely been addressed. We found that host phylogeny explains substantial variation in were consistent between two Bayesian modeling methods and with reduced sets of predictors. Phylogenetic and species effects were important for all parasite genera, but differed in magnitude 3 1 5 of effect. Phylogenetically conserved susceptibility should affect many aspects of the 3 1 6 evolutionary dynamics of multi-host, multi-parasite systems, including biogeography, 3 1 7 ecoclimatic niches, diversification rates, and host-switching patterns. the avian tree. Most notably, oscine songbirds exhibited substantially higher infection rates than 3 2 0 their sister clade, the suboscines (Fig. 1, Fig. 2 ). These two clades account for most of the Swanson & Bozinovic 2011). The current study confirms that they also differ with respect to 3 2 4 susceptibility to haemosporidian parasites, with suboscines being consistently less infected Some environmental characteristics clearly influence infection rates, while others do not. For example, overall infection rate tended to increase with increasing temperature and aridity, and Leucocytozoon infection increased substantially at higher elevations. This finding is 3 2 9 consistent with previous studies demonstrating different elevational patterns of infection rate Life history and ecological factors also explain some variation in infection among to closed nests, and Leucocytozoon infection was higher for species with midstory (<3 m) nest and life history traits that explain some variation in susceptibility are themselves subject to 3 4 7 phylogenetic signal; it is striking that there is additional phylogenetic signal even after these The causes of deep phylogenetic conservation of susceptibility are most likely molecular 3 5 2 genetic aspects of the innate immune system that are also phylogenetically conserved, with Many innate immune factors are deeply conserved and subject to strong purifying selection infected with sigma viruses. In that case, susceptibility of host species to each of three sigma 3 6 5 viruses tested was correlated, indicating that it resulted from variation in the generalized immune response. In our study, infection rates for the three haemosporidian genera within host families 3 6 7 and host species were largely uncorrelated ( Fig. S8 ). This lack of correlation may be a result of general susceptibility to manifest differently in different environments. We found that 3 7 0 phylogenetic signal in susceptibility was strongest in Plasmodium, the most host-generalized of The success of a parasite depends on the interaction between host resistance traits and 3 7 4
parasite counter-adaptations. Classical defense theory holds that faster growth of the host will host-clade size at the family level ( Fig. S9 ). Phylogenetic variation in susceptibility implies that Ellison, A.R., Tunstall, T., Direnzo, G. V., Hughey, M.C., Rebollar, E.A., Belden, L.K., et al. Andean house wrens: Evidence for regional co-diversification by host-switching. J. Avian 5 0 4
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